The Sumatran rhinoceros (Dicerorhinus sumatrensis), once widespread across Southeast Asia, now consists of as few as 30 individuals within Sumatra and Borneo. To aid in conservation planning, we sequenced 218 bp of control region mitochondrial (mt) DNA, identifying 17 distinct mitochondrial haplotypes across modern (N = 13) and museum (N = 26) samples. Museum specimens from Laos and Myanmar had divergent mtDNA, consistent with the placement of western mainland rhinos into the distinct subspecies D. s. lasiotis (presumed extinct). Haplotypes from Bornean rhinos were highly diverse, but dissimilar from those of other regions, supporting the distinctiveness of the subspecies D. s. harrissoni. Rhinos from Sumatra and Peninsular Malaysia shared mtDNA haplotypes, consistent with their traditional placement into a single subspecies D. s sumatrensis. Modern samples of D. s. sumatrensis were genotyped at 18 microsatellite loci. Rhinos within Sumatra formed 2 sub-populations, likely separated by the Barisan Mountains, though with only modest genetic differentiation between them. There are so few remaining Sumatran rhinoceros that separate management strategies for subspecies or subpopulations may not be viable, while each surviving rhino pedigree is likely to retain alleles found in no other individuals. Given the low population size and low reproductive potential of Sumatran rhinos, rapid genetic erosion is inevitable, though an under-appreciated concern is the potential for fixation of harmful genetic variants. Both concerns underscore 2 overriding priorities for the species: 1) translocation of wild rhinos to ex situ facilities, and 2) collection and storage of gametes and cell lines from every surviving captive and wild individual.
The Sumatran rhinoceros (Dicerorhinus sumatrensis) was once distributed across Southeast Asia from Borneo and Sumatra to the foothills of the Himalayan Mountains. Due to habitat loss coupled with over-hunting, the species (which is the only extant member of its genus) is now close to extinction (Scott et al. 2004; Zafir et al. 2011; Havmøller et al. 2016 ). In the past 2 decades alone, the total population size of this species has decreased by more than 50% (Pusparini et al. 2015; IRF 2016) . The current population is estimated to consist of fewer than 100 individuals (Nardelli 2014; Havmøller et al. 2016) , and possibly as few as 30 rhinos (Hance 2017) , occupying less than 1% of the former geographic range of the species (Dinerstein 2011) (Figure 1 ). Three subspecies are recognized (Groves 1965; Groves and Kurt 1972; Rookmaaker 1984) ; one of them, D. s. lasiotis, which is presumed extinct, ranged across Bhutan, Bangladesh, northeast India, Myanmar, northern Thailand, and likely the Indochinese Peninsula and southern China. Subspecies D. s. harrissoni, historically found in the island of Borneo, now consists of two individuals from Sabah (Malaysian Borneo) maintained ex situ and a remnant wild population in Kalimantan (Indonesian Borneo), estimated to be 15 in size, although the number in Kalimantan may be much smaller (Groves and Kurt 1972; van Strien et al. 2008; Emslie et al. 2013; Hance 2017) . Extensive surveys conducted in Sabah after the last two wild individuals were captured in 2011 and 2014 found no sign of additional rhinos, and the population from Malaysian Borneo is thus considered to be extinct in the wild (Havmoller et al. 2016) . The other extant subspecies, D. s. sumatrensis, was formerly found in Sumatra, the Malay Peninsula, and southern Thailand (Groves and Kurt 1972) . However, this subspecies now consists of fewer than 100 individuals in the Indonesian island of Sumatra in 2 or 3 national parks: Gunung Leuser, Way Kambas, and possibly Bukit Barisan Selatan (where it may now be extirpated) (Pusparini et al. 2015 ; Figure 1 . Map showing the current and recent distribution of Sumatran rhinoceros populations. The approximate locations of confirmed surviving Sumatran rhinoceros populations are in black, consisting of three national parks on the Indonesian island of Sumatra, although the population in Bukit Barisan Selatan (southwestern Sumatra) may now be extirpated. An additional small group of Sumatran rhinoceros was recently rediscovered in the West Kutai Regency of the East Kalimantan Province of Indonesian Borneo. Regions in gray are other populations that were very recently extirpated within Sumatra, Malaysian Borneo, and Peninsular Malaysia. Information is based on IUCN (www.iucnredlist.org) and World Wildlife Fund (https://www.worldwildlife.org/species/sumatran-rhino) accounts. Hance 2017) . A further 7 individuals make up the captive breeding program for this subspecies. Overall, the remaining number of Sumatran rhinoceros is unlikely to number more than 90 and may be as low as 30 including the 9 captive individuals (Hance 2017) .
In an attempt to conserve the last few remaining Sumatran rhinoceros populations, a series of management strategies was outlined in the Bandar Lampung Declaration (IUCN 2013 ) and in the Sumatran Rhino Crisis Summit (Havmoller et al. 2016 ). These affirmed a previous decision to manage the entire remaining Sumatran rhino populations, inclusive of both extant subspecies, as a single population. Although this strategy has not yet been put into action, the national governments of Malaysia and Indonesia are prepared for collaboration. In the face of such a drastic management decision, studies are needed to determine the degree of differentiation within and among subspecies. Earlier studies on the Sumatran rhino utilized mitochondrial DNA (mtDNA) restriction mapping to assess population differentiation and to identify conservation units (Amato et al. 1995; Morales et al. 1997) . Amato et al. (1995) suggested that the subspecies are not different enough to represent separate conservation units. Morales et al. (1997) found low genetic divergence between the populations within the island of Sumatra (0.3% haplotype sequence divergence). However, genetic differences detected between rhinoceros on Borneo and those in other populations (1.0% haplotype sequence divergence) were considered large enough to justify management as separate evolutionary lineages.
The Bandar Lampung Declaration indicated that Sumatran rhino populations should be monitored frequently and intensively through collaborative efforts to detect population trends and inform future management decisions. Interbreeding genetically distinct subspecies or populations of Sumatran rhinoceros may result in the loss of genetically unique evolutionary lineages and has the potential to result in outbreeding depression or loss of local adaptations (Allendorf et al. 2001; Edmands 2007) . Previous studies did not rely on sequences of the mtDNA; additionally, mtDNA markers sometimes do not reflect the patterns and relationships evident using other genetic markers, so that nuclear genetic markers are helpful in providing a more complete picture of population structure (Toews and Brelsford 2012) . In order to further incorporate genetic monitoring of endangered species into management plans, we investigated the genetic diversity and structuring of Sumatran rhinoceros populations using both mtDNA sequences and nuclear microsatellite markers. We wanted to determine how genetic diversity has been reduced across time as the Sumatran rhinoceros population declined, and to establish the genetic structure of current and past Sumatran rhinoceros populations. We found evidence for a reduction in mitochondrial diversity in the species over time, for the distinctiveness of the population on Borneo and for modest genetic differentiation within the island of Sumatra likely due to a geographic impediment to gene flow. Given the small size of each population, every remaining rhino pedigree is likely to carry many unique alleles found in no other individuals, whereas rapid genetic erosion and the fixation of deleterious alleles are likely. There is a strong need both for bringing remaining Sumatran rhinos into breeding centers and especially for the storage of gametes and cell lines from all surviving individuals.
Methods and Materials
Samples "Modern" samples consisted of Sumatran rhinoceros tissue or blood samples obtained from 15 individuals alive within the past 30 years (Table 1) . Whole blood samples were collected from 2 Sumatran rhinoceros at the Cincinnati Zoo during routine veterinary care; samples were collected in EDTA tubes to prevent clotting and kept frozen or refrigerated until DNA isolation (<1 week from time of collection). Other samples of whole blood or tissue were kept frozen at −20 °C after collection until the time of extraction (Table 1) . From museums in North America and Europe, 28 Sumatran rhino bone samples collected between ca. 1860 to 1941 were obtained (Table 2) . DNA from 4 museum samples was extracted prior to importation; DNA from all other museum samples was isolated (see below) after arrival at the University of Illinois at Urbana-Champaign (UIUC). Specimens were imported from international collaborators under CITES/ESA Permit 14US84465A/9 and CITES COSE Permit 12US757718/9. Endorsement for the proposed rhinoceros research was obtained from the Association of Zoos and Aquariums, and all work was conducted with UIUC IACUC approval (protocol 15053).
Sample Preparation and DNA Extraction
DNA was isolated from whole blood or tissue samples using the DNeasy Blood and Tissue Kit (Qiagen Inc., Valencia, CA) according to the manufacturer's recommended protocol. Sample preparation and DNA extraction for museum specimens were conducted in a designated ancient DNA laboratory facility at the Carl. R. Woese Institute for Genomic Biology, UIUC, with the following protocol designed for ancient DNA (Cui et al. 2013) . Bones were surface decontaminated by submersion in undiluted bleach for 5 min, followed by 3 rinses in DNA-free ddH 2 O, and a final rinse in isopropanol. Samples were placed in a UV-crosslinker for a minimum of 10 minutes or until completely dry. Approximately 0.2 g of each bone was crushed into small pieces or a fine powder using a mortar and pestle in a designated drilling hood and collected in a sterile 15-mL centrifuge tube. All surfaces in the drilling hood and equipment were sterilized between samples with 10% bleach and/or DNA-Off (Clonetech Laboratories Inc., Mountainview, CA) followed by at least 10 min of exposure to UV light. Crushed samples were incubated for 24-48 h in 4 mL of extraction buffer (0.5 M EDTA, 33.3 mg/mL Proteinase K, 10% N-lauryl sarcosine) at 37 °C. Seven or fewer samples were run at one time, and a negative extraction control was included with each set of samples. The extraction solution containing digested sample was concentrated to approximately 250 µL using Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-30 membrane (UFC903024; Millipore, Burlington, MA). Remaining undigested bone fragments were kept at 4 °C for future extractions. Concentrated digest was put through the QIAquick PCR Purification kit (Qiagen Inc.) 2 times and eluted in a final volume of 60 µL.
PCR Amplification
An approximately 450 base pair fragment of the mitochondrial control region was amplified by PCR in the modern samples using previously published primers mt15996L (TCCACCATCAGCACCCAAAGC) (Campbell et al. 1995) and mt16502H (TTTGATGGCCCTGAAGTAAGAACC) (Campbell et al. 1995) . Samples from 2 modern individuals were excluded from analysis to prevent spurious results as the maternal sample was present in the data set. Reaction mixtures of 10 µL included the following final concentrations: 0.4 µM of each forward and reverse primer, 0.2 mM of each dNTP (Applied Biosystems Inc.
[ABI], Foster City, CA), 1× PCR buffer, 1.5-2 mM MgCl 2 , and 0.4 units of AmpliTaq Gold DNA polymerase (ABI, Foster City, CA). Given Disu501, Disu556, Disu863, Disu448, Disu201, Disu847, Disu393, Disu733, Disu149, Disu783, Disu50, Disu748, Disu476, Disu151, Disu127, Disu89, and Disu582) were amplified in the modern samples (Brandt 2016) . As described by Ishida et al. 2012 , PCR products were fluorescently labeled using M13-tailed forward primers (TGTAAAACGACGGCCAGT). A primer mix consisting of 8.5 µM reverse primer, 0.6 µM of M13-tailed forward primer, and 8.5 µM of fluorescently labeled M13 forward primer was used for PCR. Reaction mixtures of 10 µL included the following final concentrations: 2 mM MgCl 2 , 200 µM of each dNTP (ABI, Foster City, CA), 1× PCR buffer, and 0.4 units of AmpliTaq Gold DNA Polymerase (ABI, Foster City, CA). Negative controls containing water were included with each PCR. A step down PCR algorithm was used with an initial 95 °C for 10 min; cycles of 15 s at 95 °C; followed by 30 s at 60 °C, 58 °C, 56 °C, 54 °C, 52 °C, (2 cycles at each temperature) or 50 °C (last 30 cycles); and 45 s at 72 °C; and a final extension of 30 min at 72 °C. Previous studies have found that historic samples often do not contain DNA suitable for microsatellite amplification (Arandjelovic and Thalmann 2012; Ishida et al. 2012) ; therefore, museum samples were not genotyped.
Mitochondrial Control Region Sequencing and Analysis
Mitochondrial PCR products with a discrete single amplicon of the expected size on an ethidium bromide stained agarose gel were enzymatically purified (Hanke and Wink 1994) using Exonuclease I and shrimp alkaline phosphatase (ExoSAP). Purified PCR products were Sanger sequenced in both directions using the BigDye Terminator System (ABI, Foster City, CA), and resolved on an ABI 3730XL capillary sequencer at the UIUC Core Sequencing Facility. Resulting chromatograms were trimmed, concatenated, and edited using the software SEQUENCHER (Gene Codes Corporation, Ann Arbor, MI). Control region sequences from both modern and museum samples were trimmed to be the same length for analysis. Samples were grouped as modern or museum for initial analyses; further categorization into geographic region of origin was done within the museum sample set for additional analyses. DNAsp v5 (Librado and Rozas 2009 ) was used to estimate basic diversity indices, haplotype (h) and nucleotide (π) diversity. Due to the unequal sample size between the museum and modern sample sets, rarefaction was conducted using HP-RARE v1.0 (Kalinowski 2005) . Control region sequences were used to generate a median-joining network using the software NETWORK version 4.6.1 (Bandelt et al. 1999 ).
Microsatellite Genotyping and Analysis
PCR amplification success for microsatellite loci was examined on a 1% agarose gel stained with ethidium bromide. Samples that successfully amplified were genotyped on an ABI 3730XL Genetic Analyzer and scored using GENEMAPPER v3.7 software (ABI, Foster City, CA). All samples were verified as distinct individuals (had different genotypes). Microsatellite variability was assessed using the following parameters calculated by FSTAT, v2.9.3.2 (Goudet 1995) , GENEPOP, v4.0 (Raymond and Rousset 1995) , and GenAlEx, v6.1 (Peakall and Smouse 2006; Peakall and Smouse 2012) : number of alleles per locus, expected heterozygosity, and observed heterozygosity. Exact tests (Guo and Thompson 1992) were performed in GENEPOP, v.4.0 to determine whether each microsatellite locus across and within all populations was in Hardy-Weinberg equilibrium (HWE). GENEPOP, v.4.0 was used to estimate, for all microsatellites the F IS values and the reduction of heterozygosity due to non-random mating. FSTAT was used to calculate linkage disequilibrium between pairs of loci using a log-likelihood ratio statistic. STRUCTURE v2.3.3 (Pritchard et al. 2000) was used to assess patterns of genetic partitioning among Sumatran rhinos. Four models with varying assumptions regarding individual ancestry and relatedness among populations were implemented. The 4 models considered were: 1) admixture with correlated allele frequencies; 2) admixture with independent allele frequencies; 3) no admixture with correlated allele frequencies; and 4) no admixture with independent allele frequencies. Each model was run 3 times for values of K = 1 through K = 6 with 1 000 000 Markov chain Monte Carlo steps and a burn in of 100 000 steps. The most likely number of population clusters (K) was evaluated by 2 ad hoc methods in STRUCTURE HARVESTER (Earl and vonHoldt 2012) : ΔK (Evanno et al. 2005 ) and log probability of data, lnP(D) (Pritchard et al. 2000) . A factorial correspondence analysis (FCA) was conducted in GENETIX, v4.02.2 (Belkhir et al. 2004 ) to assess the genetic similarities across individuals in the population.
Results

Mitochondrial Control Region
A total of 26 (93%) of the 28 museum specimens yielded DNA of sufficient quality for PCR amplification and sequencing, while 13 highquality samples from tissue or cell lines were also sequenced. From the 15 modern samples, 13 were included in control region analysis. After alignment and trimming of priming sequences, 177 bp of mitochondrial control region was used for analysis. Among all samples combined a total of 17 distinct haplotypes (designated as Ds1-Ds17) were identified, with 36 mutations detected. Haplotype diversity was 0.90, and nucleotide diversity was 0.040 ( Figure 2 ; Table 3) .
A median joining network was generated to assess the relationships across the control region haplotypes. Haplotypes grouped by geographic region of origin and also formed clusters consistent with traditional subspecies designations, with at least 5 mutations separating the haplotypes for subspecies D. s. harrissoni from those of D. s. sumatrensis (Figure 2) . Individuals of known origin carrying haplotypes Ds1-Ds10 originated from populations of the subspecies D. s. sumatrensis in Sumatra and Peninsular Malaysia. Additionally, all samples of unknown origin were identified as having haplotypes Ds1-Ds10; thus, they fell within the identified variation of D. s. sumatrensis. Haplotypes Ds11 and Ds12 were found in samples from Myanmar and Laos, respectively, representing the subspecies D. s. lasiotis, which is presumed extinct. These haplotypes were unique to D. s. lasiotis and divergent by 5 (Ds12) and 11 (Ds11) mutations from the closest haplotypes identified in D. s. sumatrensis. All Bornean individuals from the subspecies D. s. harrissoni had haplotypes Ds13-Ds17. One sample, incorrectly identified in museum records as originating from Borneo, had a haplotype clustering within the D. s. sumatrensis clade; however, historical records show that this sample was unlikely to have originated from Borneo (Supplementary material). Therefore, there was no evidence of haplotypes being shared among subspecies.
The recent samples were all from the subspecies D. s. sumatrensis and carried a total of 5 distinct haplotypes (h = 0.74; π = 0.022) ( Table 3) . Their diversity was compared to that of the historic haplotype diversity in museum specimens, excluding archival samples from the Bornean subspecies (D. s. harrissoni) and the western mainland subspecies (D. s. lasiotis). The remaining museum dataset (N = 17) contained a total of 8 distinct haplotypes (h = 0.90; π = 0.032) ( Table 3) . Three haplotypes (Ds1, Ds8, and Ds9) were found in both the modern and museum samples sets. Two haplotypes (Ds4 and Ds5) were found only in the modern sample set and 5 haplotypes (Ds2, Ds3, Ds6, Ds8, and Ds10) were restricted to the museum samples (Figure 3 ). To account for unequal sample size between modern and museum datasets, rarefaction analysis was used (Kalinowski 2005) . After rarefaction of the museum dataset to 13 samples, the number of haplotypes was 7.2, higher than the 5 haplotypes among the more recently collected modern samples. Likewise, a total of 12 mutations separated haplotypes in modern samples while 19 mutations separated haplotypes in the museum samples. It should be noted that the modern sampling includes populations that have been extirpated since the samples were collected (including Peninsular Malaysia), so that the decline in mtDNA diversity in the currently surviving populations of D. s. sumatrensis is likely to be more extreme.
Microsatellite Analysis
Multilocus genotypes for 18 microsatellite loci were generated from 13 individuals (all corresponding to D. s. sumatrensis) for which high quality samples were available. No linkage disequilibrium at microsatellite loci was detected after correction for multiple comparisons (P < 0.0003). Two-tailed tests for departure from Hardy-Weinberg equilibrium indicated significant deviation at 6 loci (P < 0.05), possibly due to population structure (see below). The average number of alleles per locus was 2.8 and ranged from 2 to 5. Overall mean observed heterozygosity was low (H O = 0.28) compared to expected heterozygosity (H E = 0.50), and fixation index values were high overall (F IS = 0.44) ( Table 4) . Values based on deviations from HWE would be consistent with population structure.
Nuclear genetic partitioning among the high quality Sumatran rhino individuals was examined with STRUCTURE. Ad hoc methods to determine the number of partitions provided inconsistent estimates for the value of K, perhaps in part due to the limited available samples. Using the ΔK method provided support for K = 2, regardless of model assumptions. When estimating the most likely number of genetic partitions based on LnP(D) values, K = 3 was found for models assuming independent allele frequencies, and K = 4 was best supported in models assuming correlated allele frequencies. Given the inconsistent estimates, the guideline put forth by Pritchard and colleagues (2000) was followed that a priori information, notably regarding the biogeography of the study area, should be taken into consideration when assessing the potential number of genetic clusters identified by STRUCTURE (Pritchard et al. 2000) . Important differences in clustering patterns were identified when the value of K was raised from K = 2 to K =3, corresponding to the biogeography of regions inhabited by Sumatran rhinos. However, when the K value was further increased to K = 4 no additional groupings were apparent. At K = 3, genetic distinctiveness between rhinos from the island of Sumatra and the Malay Peninsula was evident (Figure 4 ), in addition a clear separation was observed between 2 groups of individuals from Sumatra. A factor correspondence analysis conducted using the software GENETIX supported the genetic partitions shown by STRUCTURE at K = 3 ( Figure 5 ). The collection locality within Sumatra was not known for all of the rhinos used in our study, but by relying on individuals of known provenance, the division was consistent with separation into populations east and west of the Barisan Mountains, in accordance with previous reports (Morales et al. 1997; Steiner et al. 2017) . If the individuals within each genetic partition are considered to derive from separate populations (tentatively, in the case of the 2 partitions in Sumatra), F ST values are only modest between pairs of populations within D. s. sumatrensis (0.087 between the 2 Sumatran groups, 0.076 between the Malay Peninsula and Sumatra-East, 0.131 between the Malay Peninsula and Sumatra-West). (Table 1) . Each circle represents a distinct mitochondrial control region haplotype; each hash mark indicates one mutation. Circles are proportional to the number of rhinos carrying each haplotype and shaded by sampling location as indicated. Three haplotypes labeled in boldface, Ds1, Ds7, and Ds9, were detected in both modern and museum samples. Haplotypes Ds2, Ds3, Ds6, Ds8, and Ds10 were detected only in museum samples (A), while Ds4 and Ds5 were only identified in modern samples (B). There were a total of 12 mutations separating haplotypes in modern samples while 19 mutations separate haplotypes in museum samples. Within-subspecies diversity in the modern samples was also reduced compared to museum samples after rarefaction to account for sample size differences (Table 4) . Among currently surviving populations, a further reduction of mtDNA diversity is likely given that populations have been extirpated since the 1980s (Figure 1) , including all in Peninsular Malaysia. 
Discussion
This study is novel in investigating genetic diversity across historical and modern Sumatran rhino populations, vital for the assessment of management units and identification of unique evolutionary lineages within species (Crandall 2009; Schwartz 2009; Oliver et al. 2014) . High amplification and sequencing success rate (93%) for a 218 bp portion of the mitochondrial control region was achieved in the museum bone specimens collected between 1860 and 1941. Using archival Sumatran rhinoceros specimens allowed for the evaluation of range-wide historic genetic diversity and the comparison to modern levels of diversity in a species that has experienced severe decline in range and number. Museum specimens can thus be a valuable source of information on the genetic diversity of historic rhino populations, as has been established for other taxa (Leonard et al. 2005; Tsangaras et al. 2012) . Some species that currently exhibit low genetic diversity have historic populations with similarly low diversity, for example, koalas (Tsangaras et al. 2012 ) and Tasmanian devils (Miller et al. 2011 ). However, this was not the case for the Sumatran rhinoceros (Table 3 ; Figure 3 ). Even when sampling was restricted to specimens that were collected from Sumatra or the Malay Peninsula or clustered with known D. s. sumatrensis individuals in a haplotype network, diversity in the museum specimens was high (H = 8, h = 0.90, π = 0.03) in comparison to the modern samples of D. s. sumatrensis (H = 5, h = 0.74, π = 0.02), even after rarefaction to adjust for differing sample sizes (H = 7.2). The value calculated for haplotype diversity is high, especially in the museum samples, likely due to the modest number of available samples, the broad geographic span, and the isolation of populations and subspecies from each other. . Nuclear genetic partitioning among Sumatran rhinoceros populations. STRUCTURE analyses of multilocus genotypes of 18 microsatellites using 13 high quality Sumatran rhinoceros samples. At K = 3, genetic distinctiveness was evident among rhinoceros from the Malay Peninsula (light gray), while those from within the island of Sumatra fell into 2 distinct populations (medium and dark gray). Software settings assumed admixture between populations and correlated allele frequencies. Ad hoc methods to determine the number of partitions provided support for a varying number of clusters, with a minimum of 2 and a maximum of 4. Given the biology and biogeography of Sumatran rhinos, clustering patterns at K = 3 were informative, while K = 4 did not provide any additional information. Individuals known to have originated from Sumatra east of the Barisan Mountains are labeled "E" and those known to have originated from west of the Barisan Mountains are labeled "W. "
Within the subspecies D. s. sumatrensis, mitochondrial haplotypes were shared between rhinos sampled in the Malay Peninsula and those on the island of Sumatra (Figure 2 ), suggesting that gene flow was occurring between these regions when they had been connected by land in the Late Pleistocene (see below for further discussion). When genetic clustering techniques were applied to microsatellite genotyping data, 3 partitions were inferred within D. s. sumatrensis that correspond to geographic regions (Figures 4  and 5) . One partition corresponded to the population in the Malay Peninsula. Sumatra and the Malay Peninsula are currently separated by the Malacca Strait, but were connected by land during the Pleistocene (Heaney 1991; Morales et al. 1997; Leonard et al. 2015) . The nuclear genetic differentiation likely reflects genetic drift following vicariant separation of populations by the rise in sea level after the end of the last glacial period. Incongruence between mtDNA and nuclear genetic patterns are common in many species (Toews and Brelsford 2012) ; in this case, even though insufficient time passed for lineage sorting of mtDNA to produce monophyletic clades (Figure 2 ), it appears that modest population nuclear genetic differentiation occurred due to drift following the geographic separation of Sumatra and the Malay Peninsula (Figure 4) . The rhinoceros population of the Malay Peninsula is believed to have been recently extirpated.
There is also evidence of modest (F ST = 0.087) genetic differentiation of rhinos within the island of Sumatra (Figures 4 and 5) . Although the exact provenance of rhinos within Sumatra was only known for some of the samples, the partitions are consistent with the Barisan Mountains forming a barrier to gene flow. The Barisan Mountains are a volcanic arc, active for millions of years, that spans Sumatra from northwest to southeast (Morales et al. 1997) . They are likely to have acted as a persistent if incomplete impediment to gene flow between rhinos on either side of the mountain range. It appears that west of the Barisan Mountains, no rhinos have been detected in Bukit Barisan Selatan National Park since 2014, when camera traps identified 1 or 2 (Hance 2017). Some rhinos may survive in Gunung Leuser west of the Barisan Mountains, but they may be unlikely to survive in sufficient numbers to be managed as a separate conservation unit. Since only modest differentiation exists between rhinos west and east of the Barisan Mountains, there would be no major concern in combining the two groups within Sumatra into a single management unit.
The current proposed strategy for managing Sumatran rhinoceros populations aims to combine the two surviving subspecies (in Sumatra and Borneo) into a single conservation management unit (Havmoller et al. 2016 ). Although our sampling did not allow the generation of microsatellite genotypes for D. s. harrissoni, mtDNA haplotypes for the two subspecies fell into different groups, and there is no overlap detected in mtDNA haplotypes. This is in line with previous studies that found mitochondrial genetic differentiation between the 2 Sumatran rhino subspecies (Amato et al. 1995; Morales et al. 1997; Steiner et al. 2017 ). However, our study included a larger number of individuals and haplotypes, thus further validating this separation (Figure 2) . During the last glacial maximum when sea levels were low, there was land connecting the Malay Peninsula, Sumatra, and Borneo (Heaney 1991; Morales et al. 1997; Leonard et al. 2015 ). Yet despite this potential connectivity across the Sunda Shelf, a semiarid corridor and river basins may have hindered the migration of terrestrial species between Borneo and the other regions (Morales et al. 1997; Morley and Flenley 1987) . This may account for the mtDNA distinctiveness of the extant subspecies D. s. harrissoni and D. s. sumatrensis. Previous research estimated that the two extant subspecies split ca. 363 000 years ago (95% highest posterior density interval of 291-435 kya) (Steiner et al. 2017 ). This degree of separation could be corroborated by comparing the full nuclear genome now available for D. s. sumatrensis (Mays et al. 2018 ) with that of D. s. harrissoni. Yet given their depth of separation and the lack of evidence for subsequent gene flow between them, the 2 subspecies would under normal circumstances be strongly recommended for conservation as distinct units. However, other factors must also be considered, such as whether sufficient individuals are present within each of the genetically distinct subspecies for management practices to maintain them as separate units and to permit breeding opportunities. The population of D. s. harrissoni in Sabah consists of only 2 individuals kept ex situ, while in Kalimantan strong evidence only exists for the survival of two rhinoceros individuals (Hance 2017) . Thus, even though combining these populations would remove their genetic differences and merge distinctive evolutionary lineages (Allendorf et al. 2001; Edmands 2007 ), the extremely low numbers for both subspecies would suggest that merging of the 2 lineages may remain the only viable strategy, since any concerns due to potential outbreeding depression (Braude and Templeton 2009 ) are outweighed by the need to prevent the species as a whole from going extinct. We conclude this reluctantly, because our failure to detect gene flow between the 2 subspecies, and the deep separation between them (Steiner et al. 2017) would make it very difficult to justify treating Sumatran rhinos as a single conservation unit, were the surviving numbers not extremely low.
The decision to maintain all Sumatran rhinoceros as a single stock will involve considerations beyond population genetics, such as whether some breeding centers prove to have greater experience and success at breeding rhinos, and whether some rhino individuals prove highly successful at producing offspring. For example, although multiple facilities would reduce the impact of catastrophic events such as natural disasters or disease outbreaks, at least initially it may be better to consider a single facility that was greatly Figure 5 . Genetic clustering of Sumatran rhinoceros. Multivariate factorial correspondence analysis (FCoA) was implemented in the program GENETIX using 18 microsatellite loci genotyped in 13 high quality samples of Sumatran rhinoceros. Each icon represents the multilocus genotype of a single individual. The icon shapes were based on the STRUCTURE partitions to which each rhino was primarily assigned: Sumatra 1 (circle), Sumatra 2 (triangle), and Malay Peninsula (square). Axis 1 of the FCoA separates the rhinos into the three groups identified by Structure: from left to right, Sumatra 1, Sumatra 2, and Malay Peninsula. Axis 2 further differentiates the group designated "Sumatra 2" from the other groups. Variation explained along Axes 1 and 2 was 31.48% and 16.73%, respectively. successful at breeding rhinos, than to consider multiple facilities that may not be as successful.
Such considerations should not influence or delay the urgent need, proposed by current management plans, for bringing isolated and fragmented populations and individuals together into breeding centers (GMPB 2010; IUCN 2013; Havmoller et al. 2016 ). Whether or not the Borneo and Sumatra subspecies are managed as separate stocks, it would still be of utmost importance to locate and bring together surviving rhinos into managed ex situ facilities, not only to reverse pedigree inbreeding, but also for circumventing locally skewed sex ratios, and to enable mating, especially given that lack of pregnancy can render the female infertile and lead to reproductive pathologies (Khan 1989; GMPB 2010; IUCN 2013; Nardelli 2014; Havmoller et al. 2016) .
The very low number of remaining individuals means that genetic erosion is accelerating (Khan 1989) . Genetic diversity is lost at a rate of 1/2Ne per generation, where Ne is the effective population size (Wright 1931) . Given that the effective population size is likely to be smaller than the census size, this suggests that the remaining populations, and the species as a whole, have been losing genetic diversity at a fast rate, which accelerates as the population size further declines (Wright 1931; Khan 1989 ). This trend is even more worrisome given that the Sumatran rhinoceros has a low reproductive potential, so that numbers are unlikely to rise quickly and founder contributions will be difficult to equalize, making it even more difficult to slow genetic erosion. Given the low numbers and fast genetic erosion that is now inevitable among the remaining populations, it would only make sense to maintain any population in situ if 1) the reproductive rate of rhinos in situ could be established as being substantially higher than those ex situ and 2) the collection of cell lines (and possibly gametes) could still be conducted for any rhinos kept in situ, for use in eventual genetic restoration of quickly eroding local gene pools.
The low numbers also mean that it will be difficult to prevent deleterious mutations from becoming fixed across the entire species ( Figure 6 ). As population size declines, a greater proportion of deleterious genetic variants become effectively neutral, increasing the probability that even a highly deleterious genetic variant may become fixed across a population (Ohta 1992) . The fixation of deleterious alleles in small populations would be analogous to what occurred in the Florida panther, a subspecies of puma that became isolated with a small population size for many generations, resulting in an increase in the frequencies of deleterious alleles, causing harmful traits such (Ohta 1992) due to stochastic effects, permanently lowering the genetic health of the species. The rate of fixation is higher in populations of small size. Although even as population size increases, deleterious alleles can become fixed. (IV) If the ex situ programs are successful, the species will undergo a large increase in population size. In this illustration, the larger box represents a very large population size, with the box representing a single individual proportionately very small (the box with a single illustrated rhino is an expanded view of the smaller box). (V) Gametes or cell lines frozen in earlier generations can then be used to restore genetic diversity to that present in the generation in which the cells were collected (Hendriks et al. 2015; Nakaki et al. 2013 ). This would be especially beneficial in the case of genes such as those of the immune system where diversity increases fitness. This would also reverse the fixation deleterious genetic variants. Thus, the immediate storage of cell lines is a critical step for future conservation management of the rhinoceros. Using the cell lines collected from rhinos before the populations were merged for management, it would also be possible to restore population structure, including local genetic adaptations such as resistance to endemic pathogens. Cells collected from rhinos before populations were merged could be used to emulate a continent-island unidirectional migration model (dashed arrows) to shift allele frequencies towards those present in distinctive ancestral populations (using cell lines collected from individuals in Borneo, the Malay Peninsula, East Sumatra and West Sumatra before all populations were merged for management).
as heart valve defects and cryptorchidism (Roelke et al. 1993) . The "genetic restoration" of the Florida panther by translocation of individuals from another subspecies led to reversal of inbreeding and improvement of genetic health (Johnson et al. 2010) . However, in the case of the Sumatran rhinoceros, with rhinos kept as a single stock, the only way to reverse the loss of alleles through drift, reverse the fixation of deleterious genetic variants, and reverse the effects of pedigree inbreeding would be through the use of stored gametes and cell lines as reservoirs of otherwise lost genetic diversity.
The use of reproductive interventions such as artificial insemination have been successfully carried out in rhinoceros (Hermes et al. 2009; Stoops et al. 2016 ), yet even successful reproductive programs would only slow the erosion of genetic diversity in a species surviving in such low numbers. Although increasing the population growth rate of rhinos would tend to slow the loss of variation and reduce fixation of deleterious variants, it would not completely prevent it. Thus, the collection and storage of gametes is absolutely necessary to prevent and eventually reverse the otherwise inevitable loss of genetic diversity over time and the potential fixation of deleterious alleles ( Figure 6 ) (GMPB 2010; Howard et al. 2016) . In other endangered species such as the black-footed ferret, frozen sperm stored for 20 years has been used to reverse the loss of genetic diversity in the species (Howard et al. 2016) . Recent studies suggest that fibroblasts may provide a potential means for maintaining or restoring genetic diversity through the generation of "artificial gametes" (Nakaki et al. 2013; Hendriks et al. 2015) . In addition, fibroblasts would enable genetic, cytogenetic, and immune system research; for example, enabling the use of genomic methods to identify long regions of homozygosity that reduce genetic fitness (Kardos et al. 2018) , or identifying the footprints of natural selection (Oleksyk et al. 2010) .
The inevitable and accelerating loss of genetic diversity means that the collection of gametes and cell lines from all remaining Sumatran rhino individuals cannot be overemphasized, above all from individuals with reproductive pathologies that prevent them from otherwise contributing to the gene pool of future generations. Given the low numbers of remaining rhinos, it is likely that each surviving rhino pedigree carries many alleles not found in other surviving members of the species. If the Sumatran rhinoceros population can be expanded within ex situ facilities, stored gametes and cell lines (whether collected from rhinos kept ex situ or in situ) would provide a mechanism for restoring lost genetic diversity and for reversing any fixation of deleterious variants across the species. The currently surviving rhino individuals, although few in number, carry allelic diversity from different populations and lineages, representing genetic diversity considerably higher than what is likely to survive many generations after all rhinos have been combined into a single pedigree for ex situ management. Although increasing population size would slow the loss of genetic diversity and fixation of deleterious alleles, it would not prevent these from occurring. Thus, the loss of genetic diversity among Sumatran rhinos is inevitable.
Although it is far from a certain outcome, it may be possible to greatly increase the Sumatran rhinoceros population over many generations. Such an outcome would not be unprecedented. After proper conservation management measures were enacted, the southern white rhinoceros population rose across a century from fewer than 100 to over 20 000 (Emslie 2012) , before the current poaching crisis unfolded. Should conservation efforts for the Sumatran rhinoceros prove as successful, further loss of genetic diversity would occur at a much slower rate in the larger population (e.g., loss of diversity is reduced 100-fold if the population is 100 times larger). The fixation of additional deleterious alleles would be of little concern in a greatly expanded population, because selection removes deleterious alleles in large populations to a much greater extent than in small populations (Ohta 1992) . Additionally, a repository of gametes and cell lines (preferably stored in multiple facilities across nations) would be available indefinitely. The genetic erosion that occurs between the generation in which rhino cells are collected and future generations of their descendants could be restored through the use of "artificial gametes" made from the cell lines. These would also reverse fixation of deleterious alleles, since nondeleterious variants are likely to be present in one or more of the distinct populations alive today. Furthermore, non-deleterious alleles introduced in this manner would increase in frequency due to greater relative role of selection over drift in larger populations (Ohta 1992) . Finally, from 4 rhino populations (Malay Peninsula, West Sumatra, East Sumatra, Borneo), cell lines are already collected, and could be used to generate four genetically differentiated stocks. For example, "artificial gametes" made from the cells of Bornean rhinos could be used, generation after generation, to produce "continent-island" model of gene flow (Wright 1931; Bodine and Martinez 2014) . This would gradually alter the genetic composition of a target stock of rhinos, shifting their allele frequencies to that of the Bornean rhinos at the time the cell lines were collected, thus reversing the loss of local adaptations that can occur when divergent populations are combined (Allendorf et al. 2001; Edmands 2007) , notably restoring immune system alleles adapted to fight local pathogens.
Frozen cell collections already include individuals from regions where rhinos have since been extirpated. Additional cells can be collected from all surviving individuals, including those currently alive that cannot reproduce. The greater the number of cell lines stored from living rhinos today, the greater the number of "founders" available to reverse the effects of inbreeding or drift and maintain the long term genetic health of the Sumatran rhinoceros in the future.
All of our findings and suggestions should be considered within and not outside of the context of current conservation efforts. Current efforts call for strict measures against poaching and trafficking, local capacity building and community engagement, monitoring of and increasing populations, and transfer of individuals, especially isolated individuals or small groups into ex situ facilities, and potentially the building of additional such facilities (IUCN 2013; Nardelli 2014; Havmoller et al. 2016) . Due to continued decline in the population, currently all Sumatran rhinos exist as isolated individuals or small groups, further emphasizing the need to collect remaining rhinos into ex situ facilities to encourage reproduction. Previous analyses of Sumatran rhino conservation needs have recognized the value of every surviving individual (IUCN 2013) , and noted that declining population size accelerates the loss of genetic diversity (Khan 1989) . Our findings and suggestions do not detract from but rather emphasize these points. As the population declines, genetic erosion accelerates and the fixation of deleterious mutations becomes increasingly likely, making collection and storage of gametes and cell lines from all accessible surviving Sumatran rhinoceros of paramount importance. 
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